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Abstract

Population immunity depends on the dynamic levels of immunization coverage that countries 

achieve over time and any transmission of viruses that occur within the population that induce 

immunity. In the context of developing a dynamic transmission model for measles and rubella to 

support analyses of future immunization policy options, we assessed the model inputs required 

to reproduce past behavior and to provide some confidence about model performance at the 

national level. We reviewed the data available from the World Health Organization (WHO) and 

existing measles and rubella literature for evidence of historical reported routine and supplemental 

immunization activities and reported cases and outbreaks. We constructed model input profiles 

for 180 WHO member states and three other areas to support disease transmission model 

development and calibration. The profiles demonstrate the significant variability in immunization 

strategies used historically by regions and member states and the epidemiological implications 

of these historical choices. The profiles provide a historical perspective on measles and rubella 

immunization globally at the national level, and they may help immunization program managers 

identify existing immunity and/or knowledge gaps.
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1. INTRODUCTION

Individual immunity derives from infection and/or vaccination, which individuals, 

physicians, and health systems can track by recording cases of disease and receipt of 

vaccine. Population immunity represents the aggregation of all individual immunity in 

the population, and it changes with time.(1) Population immunity drives the dynamics 

of the transmission of infectious agents (e.g., sustained transmission, disease die-out, or 
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episodic transmission following reintroduction), and it determines the burden of disease.(2) 

Research priorities for global measles and rubella control and eradication identified by a 

group of experts in 2012 included the need for disease modeling to better understand the 

levels of population immunity required for elimination in various settings.(3) Using models 

to characterize population immunity(1) represents a significant opportunity to improve 

efforts to manage vaccine-preventable diseases prospectively. For example, models can help 

policymakers evaluate the economic and health tradeoffs of potential management strategies, 

estimate the impact of immunization and burden of disease,(4–6) and visualize the benefits of 

interventions that otherwise may not get counted because surveillance systems do not detect 

prevented cases.(7,8) More importantly, as countries and regions make progress toward (and 

achieve) elimination goals by increasing population immunity, the number of cases declines 

significantly and approaches (or reaches) zero.

Modeling population immunity requires integrating data about population demographics, 

immunization, and exposure history, along with assumptions about the transmissibility of the 

virus, mixing, and other factors. Prior efforts to assess national-level population immunity 

led to the development of a simple measles strategic planning (MSP) tool intended for 

use by national program managers to approximate potential population immunity based 

on various vaccination strategies.(6) However, the MSP tool did not include a dynamic 

disease transmission model and a similar tool for rubella does not exist. Developing 

dynamic transmission models requires that they use time-varying inputs based on the best 

available evidence, recognizing that significant limitations may exist. Models should rely on 

transparent and well-founded assumptions and provide estimates consistent with historical 

programmatic experience, reported cases, and available serological study results.(9)

The Global Vaccine Action Plan(10) established by the World Health Organization (WHO) 

and its partners and approved by the World Health Assembly in 2012 set a target for 

measles and rubella elimination in at least five WHO regions by 2020.(10) The Measles and 

Rubella Initiative developed a strategic plan that indicates the need for additional global, 

national, and regional commitments to achieve and maintain “high levels of population 

immunity by providing high vaccination coverage with two doses of measles- and rubella-

containing vaccines” through routine immunization (RI) and supplemental immunization 

activities (SIAs) to stop measles and rubella virus transmission and achieve elimination 

goals.(11) RI provides doses of vaccine to children as they reach the age(s) indicated 

by the national immunization schedule, which spreads these doses out throughout the 

calendar year. In contrast, SIAs involve campaigns that occur over a relatively short 

period of time and typically target a broad age range. RI and SIAs lead to very different 

epidemiological consequences, with RI providing steady inflow of immunization and SIAs 

boosting population immunity in pulses.

To support efforts to make an investment case for global management of measles and 

rubella,(12) we recognize the need to develop a dynamic model of measles and rubella 

viral transmission and population immunity. Although we focus on the global or regional 

scale, data reporting and policy interventions occur at the national level, and getting the 

global-level estimates correct implies the need to aggregate up from the national level. 

Application of the model to specific countries requires synthesis of the data used as model 
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inputs, which led us to construct national model input profiles. The next section describes 

the methods we used to review the available evidence and to develop the immunization 

assumptions for the profiles. This work complements a separate review of the literature that 

characterizes the available serological data.(9)

2. METHODS

We obtained historical immunization data available from the WHO and UNICEF(13–15) 

and demographic data from the U.N. Population Division (UNPD)(16) to support the 

characterization of historical and forecasted population dynamics. We excluded from 

further analysis the following 14 relatively small WHO member states (out of 194 current 

WHO member states): Andorra, Antigua and Barbuda, Cook Islands, Dominica, Kiribati, 

The Marshall Islands, Monaco, Nauru, Niue, Palau, Saint Kitts and Nevis, San Marino, 

Seychelles, and Tuvalu. Our analysis also excludes WHO nonmember states, except that we 

included three population areas associated with two other large member states: Hong Kong 

and Macao (China) and Puerto Rico (United States) given the availability of population 

and immunization data for these areas. The left columns of Table I list the 180 member 

state profiles and three other geographic areas we characterized by their ISO code and 

World Bank Income Level(17) organized according to WHO region. The profiles provide 

data for the states as they existed in 2013, with retrospective population estimates from 

the UNPD.(16) The profiles account for some major changes that occurred for some states 

(e.g., creation of new states through independence as well as the dissolution of the Union of 

Soviet Socialist Republics and Yugoslavia).

For each profile, we reconstructed the immunization history for measles and rubella for 

both RI and SIAs by year since measles vaccine became available for use in 1963. We 

used the data available from WHO as a base for reconstruction of national immunization 

histories, and we relied on papers we identified in our literature review to provide historical 

and other supplemental information, particularly related to immunization schedules. We 

started with the RI data available from the WHO-UNICEF estimates, which characterize 

historical vaccine coverage since 1980.(13–15) We also included data reported by some 

member states to WHO that extended back to the beginning of the Expanded Programme 

on Immunization (EPI) in 1974 (Marta Gacic-Dobo, Personal Communication, 2013). For 

countries established after 1980, UNPD provides retrospective population estimates. For the 

immunization assumptions, we assume the immunization strategy used by the parent prior 

member state as reported to WHO from 1974 up until the time of independence and we 

apportion historical estimates of cases based on the relative population sizes.

Vaccine schedules vary significantly across member states at any single point in time(18,19) 

and they change for individual member states over time. Consistent with current practice, 

we assume that vaccine options include continued use of measles- and rubella-containing 

vaccines (MRCVs) in high-income member states and continued use of measles with 

or without rubella-containing vaccines (M(R)CVs) in member states of all other income 

levels.(15,19) Given our focus on measles and rubella only, we characterize the historical 

vaccine use (i.e., schedule and coverage) according to the measles first dose (MCV1), 

measles second dose (MCV2), and rubella dose (RCV) given in the primary RI series or 
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selectively to adolescent and adult females. We report the timing of vaccine introduction 

for MCV1, MCV2, and RCV (primary and/or selective for adolescent and adult females). 

Thus, although the WHO rubella vaccine position paper revised in 2011 recommends 

vaccination of both sexes, because unvaccinated males contribute to sustained rubella virus 

transmission(20) we sought to capture all historical practices.

To supplement the information available from WHO, we searched the literature indexed 

in PubMed and the Science Citation Index (ISI Web of Knowledge) up through June 10, 

2014 for papers in English to identify additional information about national immunization 

histories. We searched using the key words “measles” or “rubella” and “(schedule or routine 

or EPI or supplement*)” and the names of continents, regions, and individual member states. 

We screened the records for relevance to national or regional immunization practices using 

indexed information or the full text of articles with insufficient information in the index. For 

each member state, we capture the RI vaccine used as M, R, or MR to indicate the use of a 

single antigen or use of both antigens of interest in a combination vaccine and ignoring any 

additional components (e.g., mumps in MMR).

In 2014, WHO-UNICEF provided estimates of MCV2 coverage for countries that reported 

MCV2 national coverage estimates for the years 2000–2013. In general, we used the 

WHO-UNICEF coverage estimates, although in a few instances we modified these based 

on national data. For example, the WHO-UNICEF MCV1 coverage estimates for the United 

States for 1980–1993 implied significantly higher coverage nationally than reported in the 

preceding or following years, and we could not identify the source for the estimates. Based 

on information from national immunization program experts, who noted the importance 

of the school immunization requirements and provided unpublished estimates of vaccine 

procurement data, we used judgment for the values in the profile. We interpolated for 

missing data and provided estimates for all second doses for those member states that do 

not report MCV2 coverage to WHO (i.e., the Czech Republic, Finland, Ireland, Italy, and 

the United States). For historical selective rubella immunization, which primarily occurred 

in Europe and Australia, we estimated coverage using a single value for the duration based 

on any national information that we found, although these uncertain values may require 

adjustment depending on behavior of the transmission model.

We identified some overlap in activities between the RI and SIA data we extracted for some 

doses, which we reconciled as either delivered through RI or as an SIA. For example, some 

member states implemented booster doses for children that included delivery in schools 

(e.g., Cyprus, Japan). If these occurred throughout a school year, we included these in RI, 

but if they occurred during a shorter period of time then we treated them as SIAs. In the 

absence of WHO-UNICEF estimates for RCVs, we generally assume the same coverage for 

measles and rubella for those doses in the RI schedule that include both vaccines. However, 

for some areas that phased in rubella immunization, we assumed different coverage levels 

for M and R during the phase-in period (e.g., during the first year or first few years), 

which leads to separate points (or series) in the RI profile for M and R until the time 

of complete phase-in. We also characterized the historical SIA activities, starting with 

a database maintained by the WHO for measles SIAs(21) and then adding information 

obtained from WHO(18) related to SIAs prior to 2000 and SIAs using rubella-containing 
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vaccine and using information we found in the literature. For each SIA, we sought to 

characterize the timing (i.e., start and end date), target population (i.e., age, sex, and/or 

risk groups), antigens included in the vaccine used (i.e., M, R, or MR, ignoring any other 

antigens like mumps), estimated coverage, and other characteristics that might impact the 

interpretation of the data relevant for use in transmission modeling. We classified SIAs as 

national (n) or subnational (s) to ensure appropriate adjustment of SIA coverage estimates 

to account for the fraction of the national population targeted by the SIA, similar to the 

methods used in models to account for subnational polio SIAs.(2)

The information available for comparison to transmission model output comes in two 

primary forms: reported case series of associated disease and deaths (considering the age 

distribution when available), which we characterize here, and the results of serological 

surveys that provide a snapshot of the dynamic population immunity at the point in time 

of data collection, which we characterize separately.(9) The WHO summarizes reported 

annual cases for measles and rubella,(15) with data available for some member states back 

to 1974 for measles and back to 1998 for rubella.(18) We synthesized the reported health 

outcome data and supplemented them with data from the literature that summarized reported 

cases for earlier dates when available, and we particularly searched for information about 

the timing of large outbreaks that occurred prior to case reporting to WHO for the two 

different diseases.(15) Surveillance systems typically miss cases, and consequently reported 

cases most likely underestimate actual cases. Relatively recent modeling efforts provided 

retrospective estimates for measles,(5) which we considered for purposes of comparison.

3. RESULTS

Table I summarizes the evidence that we identified for the different member states organized 

by region. Since not all member states currently include rubella immunization in their 

existing national immunization schedules,(19) we include our current assumptions (noted 

with an a) about when member states yet to introduce rubella vaccine might do so 

in response to the current Gavi funding opportunity and/or regional goals to control or 

eliminate rubella.(22) For the full profile, we characterize the RI schedule, antigens included 

in the vaccine (i.e., M, R, or MR), and estimated coverage by year historically for each 

member state. Table I summarizes the evidence base we used as a basis for our assessments.

Table II summarizes the historical SIAs as national (n) or subnational (s) according to the 

year in which the SIAs started for the data we identified. Blank lines in Table II generally 

indicate no SIAs performed, particularly for high-income countries, but the data remain 

limited, probably miss many (most) SIAs conducted for outbreak response, and may include 

planned SIAs that did not actually occur or exclude SIAs that occurred but we did not find 

recorded. For areas with more than one SIA during a year (i.e., multiple subnational SIAs), 

we indicated the total number of separate SIAs. In some cases, we found information in the 

literature that indicated an SIA strategy instead of RI for the delivery of child immunization 

during the early part of the immunization program (e.g., Albania, Romania). In such cases, 

we used the WHO-UNICEF estimated coverage for SIAs during the affected years and we 

began RI once this approach ended. This change led to later implied dates of RI starting for 
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MCV1 in Table I for some member states than implied by assuming that the WHO-UNICEF 

coverage estimates all reflect delivery in RI.

Figs. 1–8 show the full profiles for the United States, the Netherlands, Japan, Oman, 

Vietnam, Kenya, Ethiopia, and Haiti, respectively, as examples. Part (a) in each profile 

shows the historical RI coverage estimates by year and schedule. The RI schedule includes 

the age and the antigens in the vaccine (i.e., M for measles vaccine, R for rubella vaccine, 

and MR for any combination vaccine including both antigens). We use colors (visible in the 

on-line version) to show different vaccines and/or schedules. If introduction of the vaccine 

occurred after January in a year, then we estimated the coverage for the full year adjusting 

for the fraction of the year with introduction. Thus, when the country switched from a 

MCV to a MRCV after January of a year, we showed the M and R coverage for the year 

separately, which makes the R value appear as a single point (e.g., Fig. 2a or 4a). The SIAs 

for each country appear in Table II. Parts (b) and (c) of the profile show the reported measles 

and rubella cases, respectively, and prior model estimates (if available) for comparison for 

relevant time periods.(5) We provide access to the full profiles for all of the 183 modeled 

areas on the Kid Risk website.(23)

The profiles show a wide range of immunization schedules and coverage that evolved 

over time, and highly variable epidemiological experience with measles and rubella cases. 

Comparing the figures for coverage levels and incidence overall suggests that increased 

immunization coverage significantly decreases incidence. However, as coverage increases 

to high levels, as occurred in the United States, the Netherlands, Japan, and Oman, the 

incidence data do not show complete disappearance of cases due to importations. In the 

United States, heterogeneity in immunization coverage continues to lead to outbreaks 

following the importation of measles,(24,25) although these cases appear barely visible in 

Fig. 1b compared to historical incidence. In the United States, aggressive outbreak response 

efforts control outbreaks relatively quickly. Starting the x-axis scale in 1998 in Fig. 1c for 

rubella for the United States misses the impact of heterogeneity and the outbreaks of rubella 

that occurred in the Amish in the early 1990s,(26) but uses a y-axis scale large enough that 

the relatively small number of annual importation-related cases appear barely visible. Fig. 4c 

for the much smaller total population in Oman shows the relatively small number of cases 

primarily from importations it reports annually. In contrast, Figs. 2b and 2c show episodic 

outbreaks in the Netherlands, which reflect the significant impacts of clustering of its 

under-vaccinated religious subpopulation. In Japan, rubella immunization initially targeted 

adolescent girls only, which did not eliminate rubella transmission in the general population. 

Difficulties due to the mumps antigen following the introduction of MMR around 1990 in 

Japan led to heterogeneity in coverage of M and R in RI, and the buildup of susceptible 

individuals, who supported outbreaks in the early 2000s and 2010s. Figs. 5b and 5c for Haiti 

show the impact of the aggressive efforts by the WHO Region of the Americas (i.e., PAHO) 

to use wide age range SIAs to eliminate measles and rubella, which in contrast to> Fig 6b 

shows the decreasing measles incidence with improved coverage and late introduction of 

MCV2 into RI in Vietnam. Figs 6c, 7c, and 8c show reported incidence of rubella, although 

this probably reflects underreporting given the absence of RCV use.

Thompson et al. Page 6

Risk Anal. Author manuscript; available in PMC 2023 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. DISCUSSION

Our efforts to synthesize the available immunization and epidemiological data for measles 

and rubella at the national level provide a foundation for modeling measles and rubella 

transmission globally. Significant variability in the profiles suggests the need to model 

transmission of measles and rubella at the national level for larger-scale analyses and then 

aggregate the results to the regional or global level. We expect that our analysis should 

facilitate such modeling. The syntheses reveal potential immunity gaps, with low vaccination 

coverage in some years translating into relatively large proportions of accumulating 

susceptible individuals in the absence of SIAs to catch up unimmunized individuals. In 

some cases, outbreaks probably led to immunity in some fraction of the unimmunized 

individuals. Immunization program managers must manage population immunity to stop 

transmission, and these profiles may serve as a reminder about potentially accumulating 

susceptible individuals due to relatively low coverage in the past. Social disruptions (e.g., 

natural disasters, conflict) negatively impact national immunization programs, and catching 

up individuals missed due to such disruptions should represent a priority for national efforts 

to close immunity gaps.

The comparisons between the reported cases and cases estimated by prior models 

demonstrate the absence of prior model estimates for some countries. We identified 

historical reported cases before 1974 for only a relatively small number of high-income 

member states (e.g., the United States, the United Kingdom). We encountered the most 

difficulty finding information about rubella cases, particularly in Africa, and we suspect that 

member states most likely reported some of the historical rubella cases as measles cases 

due to the similarity of the clinical presentation. Increased use and expansion of laboratory 

methods that characterize both viruses promise to provide better information in the future.

Despite our extensive efforts, several data gaps remain. We could not find complete 

information for most of the 183 areas. We found conflicting information for some areas, 

and we did our best to resolve this using the available literature. Our efforts to reconstruct 

historical experiences did not benefit from review by national experts. In addition to 

concerns and limitations associated with underreported incidence, incorrect reporting of 

coverage also represents a concern. Underreporting of coverage, perhaps due to vaccine 

delivered in the private sector, may suggest immunity gaps that do not exist. A much larger 

concern, however, comes from overreporting of coverage, which may provide a false sense 

of security about the absence of immunity gaps. The use of the data in this synthesis comes 

with many limitations due to unknown and potentially poor data quality. We hope that this 

effort will motivate national experts to provide corrections to our assumptions such that 

modeling efforts can benefit from the best available information.

This synthesis of the available data should provide a useful starting point for measles and 

rubella transmission models and help to make assumptions about immunization inputs more 

transparent.
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Fig. 1. 
Profile for the United States.
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Fig. 2. 
Profile for the Netherlands.
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Fig. 3. 
Profile for Japan.
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Fig. 4. 
Profile for Oman.
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Fig. 5. 
Profile for Haiti.
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Fig. 6. 
Profile for Vietnam.
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Fig. 7. 
Profile for Kenya.
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Fig. 8. 
Profile for Ethiopia.
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